INTRODUCTION
first described the gray zone of turbulence, which he calls terra incognita. In this range of scales, the grid spacing is on the order of the dominant length scale in the atmospheric boundary layer (BL). The turbulent eddies are neither entirely sub-grid scale as at mesoscale, nor mainly resolved as in the Large-Eddy Simulations (LES). Honnert et al. (2011) studied the gray zone of turbulence in dry and cloudy free convective BLs (CBLs) using LES data. The authors showed that the gray zone of turbulence ranges from 0.2 to 2(h+h c ), where h is the boundary-layer height and h c is the depth of the cloud layer and they proposed recommendations of the sub-grid/resolved partitioning of the turbulence. Shin and Hong (2013) extended this method to forced CBLs, where the BL is driven both by buoyancy and shear. BL thermals were thoroughly investigated in the latter two studies. At large scale, these structures produce unidimensional (1D) thermal turbulence (André et al., 1978) , on the other hand, in LES, the thermal production is resolved and the turbulence is homogeneous, isotropic and produced by the threedimensional (3D) motions of eddies resulting from dynamical processes. It follows that the usually 1D turbulence schemes must be converted into 3D ones in the gray zone of turbulence. Thanks to increasing numerical resources, numerical weather prediction (NWP) models have now grid spacing of the order of 1 km. So they enter or have already entered the gray zone of turbulence. But, how does this transition proceed on production terms? When is the horizontal grid spacing no longer suitable for a 1D scheme? This article addresses these questions for free and forced CBLs.
It is organized as follows. Section 2 gives a description of the method used, followed by a presentation of LES cases from field campaigns where the simulations used are taken as that of the true atmosphere. Thence the dynamic and thermal productions of the turbulence kinetic energy (TKE) are calculated. Section 3 deals with the quantification of the dynamical and thermal production of TKE at all scales. Section 4 is dedicated to discussion.
METHODS
High resolution fields from LES are considered as a reference accurately describing the turbulent motions. Horizontal averaging of the LES fields is used to calculate the production terms of the turbulence at coarser resolutions.
LES CASES
The free convective LES cases used in this study are taken from Honnert et al. (2011) . Three cases of dry CBLs are presented. The first one, IHOP, corresponds to a clear continental growing CBL (see Couvreux et al., 2005 for details of this case). The second case, Wangara, Clarke et al. (1971) presents a growing boundary layer over Australia (without horizontal advection). The last case, AMMA, Redelsperger et al. (2006) has a heat flux twice as large as in the previous simulations. In addition, two cases of cumulus non-drizzling CBLs are used. The first case, BOMEX, presents marine shallow cumulus (Siebesma et al., 2002) . The second case, ARM, presents a cumulus-topped CBL over land (Weckwerth, 1995) . All LES data are selected so that the production terms only depends on
, where x is the horizontal grid spacing (Honnert et al., 2011) . A summary of the case properties is listed in Table 1 .
The Meso-NH model (Lafore et al., 1998 ) is used to conduct LES of the six flat diurnal cases. The five free CBLs are performed on a 16 × 16 × 5 km 3 domain, whereas the forced CBL is performed on a 32 × 32 × 6 km 3 domain. The horizontal grid size is 62.5 m. The vertical resolution increases when nearing the ground. The stetching depends on simulated cases but the vertical grid spacing is always less than 100 m in the boundary layer, so that the grid boxes are close to cubic in the BL. A summary of the simulation properties is listed in Table 2 .
MEAN OPERATOR
The resulting LES fields are considered as the "truth." The resolved fields at coarser resolutions are calculated by horizontally averaging the following parameters, viz the wind components and virtual potential temperature (see Honnert et al., 2011) , as shown in Figure 1 . This method produces a x , the average value of a (a, a field at random) over a x scale. a x is the "true" resolved value of a at a x grid spacing.
COMPUTATION OF THE PRODUCTION TERMS
The prognostic equation of the sub-grid TKE is :
Tendency Advection Turbulent Dynamical Thermal transport production production
Dissipation where e is the TKE, p the pressure, θ v is the virtual potential temperature, β the buoyancy parameter, ν the viscosity. u i is a wind velocity component, i and j are between 1 and 3, u 3 is the vertical velocity. a is the resolved part of a and a = a − a is the sub-grid a. This equation respects the Einstein notation. In this equation, the TKE locally varies because of the transport terms (advection, turbulent transport and fluctuation of pressure), the production terms, due to the shear (dynamical production) and the buoyancy (thermal production), and the dissipation of the energy (conversion of kinetic energy into internal energy). The dynamical production terms are 3D, while the thermal production term is 1D (vertical). The question is whether the horizontal dynamical production terms are negligeable at a given grid spacing x.
The sub-grid thermal production term at a x grid spacing is:
where < a > is the average value of a over the whole domain at a given altitude, which is independent of the grid size. The dynamical production term at a x grid spacing is :
x is the sub-grid flux of the wind component u j in the i direction.
RESULTS
In this section, the production terms are calculated at several resolutions using the above method. As structures are more organized (mesoscale rolls) in the forced CBL, the resolved part of the turbulence is larger than in free CBLs for the same x h + h c (Shin and Hong, 2013) . That is why the results from free and forced CBLs are analyzed separately. The resolved and sub-grid parts of the turbulence in free CBLs only depend on x h + h c (Honnert et al., 2011) . It follows that the production terms are represented as a function of
TURBULENCE PRODUCTION IN FREE CBLs
The ratio of the horizontal and vertical dynamical productions, as well as the thermal production, to the total production at several grid spacings can be seen on Figure 2A for the five free CBL cases. The data are inside the boundary layer.
First of all, the five simulations lie on top of each other. Hence, the assumption that the sub-grid ratio of production terms only depend on
is true. For the finest grid spacing, the thermal production is null as the thermal plumes are entirely resolved. The turbulence production is entirely dynamical and the horizontal production is about two-thirds of the total production. Indeed, the sub-grid turbulence is fully isotropic in the mixed layer (500 m 
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October 2014 | Volume 2 | Article 27 | 3 altitude) in the LES. The turbulence from the surface BLs and the entrainment zones are not. That is why the horizontal production is less than two-thirds and the vertical production is more than one-third on Figure 2A . When the grid spacing becomes coarser, the thermal production part grows while both the vertical and horizontal production terms decrease as the thermal plumes become subgrid. A term is considered negligible when it represents less than 5% of the total motions. The finer scale in free CBLs where the horizontal motions can be ignored is 0.5(h+h c ).
In BLs of mid-latitudes, where the BL is about 1000 m depth, the critical grid spacing would be 500 m. Beare (2014) defined the gray zone from the dissipation length scale rather than from the grid spacing of the model. This underlies the fact that the sub-grid part of a turbulent scheme not only depends on the grid spacing of the model, but also on the dissipation of a model. This implies that the critical length x calculated here must be understood as an effective resolution Skamarock (2003) , when used in a model.
Moreover, Figure 2A shows that in the gray zone the turbulence is not fully isotropic. Firstly, the thermals are not completely resolved, thus the vertical component of the sub-grid thermal mixing must be represented by an updraft. Secondly, the components of the dynamical turbulence are not equal, as the vertical component is stronger than each of the horizontal terms. Indeed, the vertical dynamical production represents more than half of the horizontal dynamical production.
TURBULENCE PRODUCTION IN A FORCED CBL
By definition, in a forced CBL, the sub-grid dynamical production is important as the wind strongly mixes the boundary layer. Figure 2B is similar to Figure 2A but applied to the TRAC LES. For the finer resolutions, the coarser eddies are resolved as in a free CBL. However, in TRAC, mesoscale structures (convective rolls) are present. As these structures are large, they are completely resolved at resolutions coarser than 0.1(h+h c ), whereas at this resolution the convective structures are partly sub-grid in free CBLs. When the resolution becomes coarser, the decrease of the dynamical production is slower than in free BLs. The finer scale in forced convective boundary layers for which the horizontal motions can be ignored is 3(h+h c ), about 2.3 km resolution in the case of TRAC, where the BL height is about 760 m (at 14 h LT).
DISCUSSION
This article provides recommendations about the dimensionality of a turbulence scheme when used in convective cases in the gray zone of turbulence. The dimensionality depends on the wind shear (forced or free CBLs) and on the resolution normalized by the boundary-layer height together with the depth of the cloud layer (
). In free CBLs, the dimensionality of the scheme must be 3D if Some recent studies have shown that models need to be improved to run in the gray zone of turbulence. Wyngaard (2004) studied the transport of scalars in the surface boundary layer using observational data. He found out that the production terms in the gray zone of turbulence should be represented by tensor eddy-diffusivity. Hatlee and Wyngaard (2007) extended this study to advection, vertical turbulent transport and buoyant production terms. It is well-known that the eddy-diffusivity approach alone cannot adequately represent the upper part of the CBL. The non-local turbulence has to be represented at mesoscale, as well as in the gray zone. However, Honnert et al. (2011) showed that in free CBLs the non-local mixing has to be reduced when the resolution enters the gray zone of turbulence while the local mixing can remain unchanged. The authors proposed to used the two-scale separation of Eddy-diffusivity/Mass-flux (EDMF) schemes (Hourdin et al., 2002; Soares et al., 2004) . Indeed, in EDMF schemes, the mass-flux parametrization represents the non-local buoyancy production while the local dynamical production is represented by the eddy-diffusivity part. Likewise, in Arakawa et al. (2011) and Arakawa and Wu (2013) , the author modified the mass-flux deep convection scheme and increased the updraft fraction so that the parametrization can be adapted to the gray zone of convection. Some other schemes are developed to overcome the limitations in the gray zone. Dorrestijn et al. (2013) made a stochastic parametrization based on LES data of a convective boundary layer. Using the law of Honnert et al. (2011) , Boutle et al. (2014) blended a mesoscale parametrization and a LES turbulence scheme to generate a partially-resolved turbulence parametrization.
However, although the gray zone of turbulence is at first reached by the convective structures, this study shows that 3D dynamical movements are necessary in turbulence schemes in the gray zone. The horizontal movements of the non-local structures are not always taken into account in the schemes, and these modifications may be difficult to implement in NWP models. For example, as the AROME model has only 1D parametrizations, the implementation of a 3D turbulence scheme would require a complete reorganization of the code.
Finally, when the horizontal turbulence is taken into account, for instance, in Boutle et al. (2014) , it is assumed isotropic. This study shows that the shear-driven turbulence is not isotropic in the gray zone. Thus, a scale adaptive turbulent scheme must have different eddy diffusivities on the horizontal and on the vertical, which is not the case when LES schemes, such as the Smagorinsky-type schemes, are used.
